ABSTRACT
INTRODUCTION
To achieve good system performance of the active sonar in underwater unmanned vehicles, the complex acoustic transducer array is always used to radiate sound waves. Good transmitting beampattern such as a low sidelobe level and high transmitting source level is always expected, thus the transmitting sound energy can be focused in the concerned direction, and the long-range object can be detected with a relatively lower transmitting sound energy [1] . In the research of the radiated acoustic field of compact transducer arrays, the mutual interactions among elements must be considered [2, 3, 4] . The interactions become more significant when the number of elements increases, the distance among elements is smaller and the sound frequency is lower. In the complex array of acoustic transmitting transducers, the array is small in volume with compact elements, and needed to transmit broadband acoustic signal. Consequently, the interactions among elements in the array are definitely significant. On the other side, the radiated acoustic field of the array may be greatly influenced by the baffle with a certain impedance boundary condition [5] . The baffle causes diffraction effect when the complex array transmits and receives acoustic signals.
Some preliminary research work has been conducted on the influence of the baffle effect and mutual interactions among elements to the performance of the transducer array. Ref. [6] utilized the equivalent circuit principle to select appropriate tuning capacitors to control the vibration velocity of the transducer array. But this method was only an approximate method and difficult to be realized. Ref. [7, 8] adopted the improved Helmholtz boundary integral equation method to calculate the acoustic radiation of transducer arrays, and analyzed the influence of the mutual radiation impedance on the vibration velocity and radiation directivity of the array. However, the above research work only analyzed that the baffle effect and mutual interactions greatly influenced the transmitting performance of the transducer array, and did not propose methods to reduce the influence so as to control the transmitting beampattern. We can utilize the boundary element model to calculate the radiated acoustic field of the array, and together with the equivalent circuit and optimization method calculate the driving voltage weighting vector to control the transmitting beampattern of the complex array.
When the receiving signals of the underwater acoustic transducer array are processed by beamforming considering the factors such as the mismatch error of each channel, the position perturbation of the elements, the scattering and shadowing of the baffle, and the mutual interactions among elements, the measured receiving array manifold vectors of the transducer array can be used to optimize the beampattern of the receiving signals. According to the acoustic reciprocity principle, the transmitting and receiving of the underwater acoustic transducer array is reciprocal [9] [10] [11] [12] . When the transducer array transmits acoustic signals, the array may be influenced by the factors such as the baffle effect and mutual interactions among elements, the mismatch error of the channels, and so on. When it receives acoustic signals, the array may also be influenced by these factors. Thus, we can use the measured receiving array manifold vectors to calculate the driving voltage weighting vector of the underwater acoustic transducer array.
In this paper, two methods are proposed to obtain a lowsidelobe transmitting beampattern for complex arrays of underwater acoustic transducers. The boundary element model, transducer equivalent circuits, measured receiving array manifold vectors and optimization algorithm are used to calculate the driving voltage weighting vector of the complex array taking into account the baffle effect and mutual interactions among elements. This paper is structured as follows: Section 2 presents the materials and methods employed in this work. Section 3 describes the simulation and experimental results. Section 4 discusses the results obtained and Section 5 concludes this paper.
MATERIALS AND METHODS
This section introduces the equation of boundary element model and describes the acoustic field calculation method of transducer arrays using the model. It also presents the algorithm of boundary element model optimization method and measured receiving array manifold vector optimization method to obtain a low-sidelobe transmitting beampattern for complex arrays of underwater acoustic transducers.
EQUATION OF BOUNDARY ELEMENT MODEL
Assume that in the infinite uniform fluid medium, the smooth surface of the vibrating body is 0 S , and 1 S is an infinite spherical surface which bounds 0 S . The domain between 0 S and 1 S is V . The vibrating surface 0 S radiates sound outward the body to the fluid domain V . Then from the Helmholtz boundary integral equation we can get:
where q is a point on the boundary surface 0 S , and Q is an arbitrary point in space. q n is the normal vector at q on 0 S pointing toward the domain V . p is the sound 
Equations (3) shows that the sound pressure at any point in the radiated field of vibrating body can be obtained from the linear combination of the normal velocity vector, and the combination coefficients are defined by matrix [ ] C . The matrix is not dependent on the vibration velocity. It is only determined by the characteristics of the acoustic system, including the geometry of the vibrating surface, impedance boundary conditions, physical property of the acoustic medium (sound speed and fluid density), frequency and the location of the field points, etc.
PRINCIPLE OF BOUNDARY ELEMENT MODEL OPTIMIZATION METHOD
The response vector ) (θ X in different directions on a certain distance from the center in the radiated acoustic field of the transducer array with a certain impedance boundary condition baffle can be obtained using the boundary element method by Eq.(3). Assume that the vibration velocity weighting vector of the transducer array is V W , then the sound pressure in the θ direction on a certain distance from the center of the array can be calculated as follows:
Suppose that the driving voltage weighting vector of the transducer array is E W , then the vibration velocity weighting vector of the array can be calculated using the equivalent circuit principle [9, 11] , which is:
where n is electromechanical transfer ratio of the transducers, and Z is the mutual impedance matrix of the array, which is:
where ii z is the self-radiation impedance of the ith transducer, and ij z is the mutual radiation impedance between the ith transducer and the jth transducer, and 0 m Z is the mechanical impedance of the transducers in the array. Substituting Eq. (5) into Eq. (4) produces:
Because the maximum amplitude of the driving voltage of the transducers in the array is limited, in order to obtain a low-sidelobe transmitting beampattern and a sound source level as high as possible, it needs to provide the largest pressure amplitude in the axial direction of the array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged. That is, to make the maximum modulus of the driving voltage weighting vector to be the least, while producing the same amplitude of pressure in the axial direction of the array and at the same time imposing constraints on the sidelobe of the transmitting beampattern. As the driving voltage weighting vector to be calculated is the normalized vector, the coefficient n in Eq. (7) can be left out of account. It leads to the following optimization problem:
where E W is the driving voltage weighting vector of the transducer array, µ is a nonnegative real variable, L is the transducer number of the array, 0 θ is the mainlobe direction, s θ is the sidelobe direction ,
is the sidelobe regions which includes a number of directions and s δ controls the sidelobe level of the transmitting beampattern, ) (θ X is the radiated acoustic pressure response vector in different directions, and Z is the mutual impedance matrix of the transducer array.
The optimization problem (8) can be solved by means of the optimization algorithm of the second-order cone programming [13] . Then, the required driving voltage weighting vector of the transducer array is calculated. The practical driving voltage exerted on the transducers in the array is obtained by normalizing the calculated weighting vector, in which the weighting vector is divided by the maximum modulus of the vector, and then multiplied by a voltage factor which must be less than the maximum voltage that can be exerted on the transducers of the array.
PRINCIPLE OF MEASURED RECEIVING ARRAY MANIFOLD VECTOR OPTIMIZATION METHOD
In the transducer array, the acoustical emission and receiving is reciprocal. The transmitting transducers may be affected by the other transducers and the baffle, and may be affected by the system error such as the channel mismatch among transducer and transducer, etc. And the receiving transducers are also affected by these factors. Then, we can calculate the driving voltage weighting vector with the optimization method utilizing the measured receiving array manifold vectors of the transducer array. Thus the calculation error of the weighting vectors can be reduced which is caused by the error of the theoretical boundary element model comparing to the practical system, since the measured receiving array manifold vectors can embody the error of the practical transducer array.
Suppose that the measured receiving array manifold vector of the transducer array in the θ direction is ( ) θ V . In order to obtain a low-sidelobe transmitting beampattern and a sound source level as high as possible, we make the maximum modulus of the driving voltage weighting vector to be the least, while producing the same amplitude of pressure in the axial direction and at the same time imposing constraints on the sidelobe of the transmitting beampattern, this is the following optimization problem:
where E W is the driving-voltage weighting vector of the transducer array, µ is a nonnegative real variable, L is the transducer number of the array, 0 θ is the mainlobe direction, s θ is the sidelobe direction , As the same as above, we can use the second-order cone programming to solve the optimization problem (9) and obtain the required driving voltage weighting vector of the transducer array.
RESULTS
This section presents the simulation and experimental results of the methods proposed in this work.
SIMULATION RESULTS
To examine the effect of the boundary element model optimization method, we use the first transducer array. This array consists of 14 piston transducers. It is set in the middle arc line of a hemispherical baffle. The radius of the hemispherical baffle is 0.216m. The radiation surface of each piston transducer is rectangular with the length and 0.04m. The sound frequency is 12.5kHz, and the wavelength is 0.12m. Two methods are used to calculate the driving voltage weighting vector of the transducer array. The first method is the conventional beamforming method in which the weighting vector is calculated by phase compensation according to the geometrical positions of the elements by the plane wave model without considering the baffle effect and mutual interactions among elements [14] . The other method is the boundary element model optimization method proposed in this paper, denoted by proposed method 1, which uses Eq. (8) to calculate the weighting vector of the array. Fig. 1~Fig.2 are respectively the radiated sound pressure amplitude and directivity of the 14-element array calculated by the boundary element method when the beam scan angle is 75°. The maximum pressure amplitude has been normalized to 1. The solid line represents that the weighting vector is calculated by the boundary element model optimization method with the sidelobe level constrained to -20dB. The dotted line represents that the weighting vector is calculated by the conventional beamforming method with the plane wave model. Fig. 1~Fig.2 shows that the proposed boundary element model optimization method in this paper can be used to control the sidelobe of the transmitting beampattern of the transducer array and obtain a low-sidelobe level. Using the proposed method 1, the highest sidelobe level of the beampattern is -20dB. Using the conventional beamforming method, the highest sidelobe level is -5.7dB. On the other hand, because the proposed method impose constraints on the sidelobe level of the beampattern comparing with the conventional beamforming method, the maximum pressure amplitude of the mainlobe may reduce. The proposed method can provide the largest pressure amplitude in the axial direction of the transducer array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged, at the same time satisfying the sidelobe constraints. Corresponding to Fig. 1 , using the proposed method 1 comparing with the conventional beamforming method, the maximum pressure amplitude does not reduce much, which is 1.67dB. It can be seen from above that the mutual interactions among elements and the baffle with a certain impedance boundary condition may greatly influence the radiated acoustic field of the transducer array. When the driving voltage weighting vector using the conventional beamforming method without considering the acoustic interactions, the radiation beampattern of the array may be distorted with high sidelobe level. However, the proposed method 1 can successfully take into account the acoustic interactions, and with reasonable optimization, a lowsidelobe beampattern and good transmitting performance can be obtained. 
Fig. 2. The radiation directivity of the array when the beam scan angle is 75°.
To examine the effect of measured receiving array manifold vector optimization method, we use the second transducer array, which is a little more complex than the first transducer array. This array consists of 27 piston transducers. It is set in the two arc lines of a hemispherical baffle. The 27-element array is divided into two rows. The first row is in the middle. The left side and the right side of the two rows are symmetric. The first row consists 14 transducers, and the second row consists 13 transducers. The hemispherical baffle and transducer elements are the same as those of the first 14-element array. The radius of the hemispherical baffle is 0.216m. The radiation surface of each piston transducer is rectangular with the length 0.04m. The sound frequency is 12.5kHz, the sound speed underwater is 1500m/s. An experiment has been carried out to measure the receiving array manifold vectors of the 27-element array in the anechoic water tank. The response of each element in the array to the plane-wave acoustic signals, including amplitude response and phase response, is measured in the range of ± 135° from the main axial direction of the array with the interval 3°, thus, the receiving array manifold vectors of the array are obtained. Two methods are used to calculate the driving voltage weighting vector of the array. The first method is the conventional beamforming method. The other method is the measured receiving array manifold vector optimization method proposed in this paper, denoted by proposed method 2, which uses Eq. (9) to calculate the weighting vector of the transducer array. Fig. 3~Fig.4 are respectively the radiated sound pressure amplitude and directivity of the 27-element array calculated by simulation when the beam scan angle is 84°. The solid line represents that the weighting vector is calculated by the measured receiving array manifold vector optimization method in this paper with the sidelobe level constrained to -20dB. The dotted line represents that the weighting vector is calculated by the conventional beamforming method with the plane wave model. Fig. 3~Fig. 4 show that the proposed measured receiving array manifold vector optimization method in this paper can also be used to control the sidelobe of the transmitting beam pattern of the transducer array and obtain a low-sidelobe level. Using the proposed method, the highest sidelobe level of the beam pattern by simulation is -20dB. Using the conventional beamforming method, the highest sidelobe level is -7.3dB. On the other hand, the proposed method 2 can also provide the largest pressure amplitude in the axial direction of the transducer array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged, at the same time satisfying the sidelobe constraints. Corresponding to Fig. 3 , using the proposed method 2 comparing with the conventional beamforming method, the maximum pressure amplitude does not reduce much, with the reduction amounts of 0.3dB. The simulation results show that the proposed method 2 can also be used to calculate the driving voltage weighting vector of the transducer array to obtain a low-sidelobe transmitting beampattern, and provide the largest pressure amplitude in the axial direction of the array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged. 
EXPERIMENTAL RESULTS
An experiment has been conducted to measure the radiated acoustic pressure directivity of 14-element and 27-element array in the anechoic water tank. The working frequency is 12.5kHz. The maximum driving voltage exerted on the transducer array is 4V, that is, the normalized driving voltage weighting vector calculated by Eqs. (8) and (9) is multiplied by the voltage factor 4V. Fig. 5~Fig . 6 are respectively the measured radiated sound pressure amplitude and directivity of the 14-element array when the beam scan angle is 75°. The maximum pressure amplitude has been normalized to 1. It can be found that the results measured in the experiment are consistent with the simulation results, which reveals that the boundary element model optimization method can calculate the driving voltage weighting vector of the transducer array to obtain a low-sidelobe transmitting beampattern. Using the proposed method 1, the highest sidelobe level of the measured beampattern is -15.3dB when the beam scan angle is 75°. Using the conventional beamforming method, the highest sidelobe level of the measured beampattern is -5.9dB. It is shown that the highest sidelobe level reduce much using the propose method 1 comparing with the conventional beamforming method. There are some differences between the experimental results and the theoretical simulation results caused by the modeling error, calculation error and experiment error. On the other hand, just as the same in simulation computation, the proposed method 1 can provide the largest pressure amplitude in the axial direction of the transducer array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged, and at the same time satisfying the sidelobe constraints. Corresponding to Fig. 5 , by use of the proposed method 1 comparing with the conventional beamforming method, the maximum pressure amplitude does not reduce much, which is 1.72dB. It can be seen that the experimental results are consistent with the simulation results, which verifies that the proposed boundary element model optimization method is valid. Fig. 7~Fig. 8 show that the results measured in the experiment are consistent with the simulation results, which reveal that the proposed method 2 can also be used to calculate the driving voltage weighting vector of the array to obtain a low-sidelobe transmitting beam pattern. Using the proposed method 2, the highest sidelobe level of the measured beam pattern is -13.9dB when the beam scan angle is 84°. Using the conventional beamforming method, the highest sidelobe level of the measured beam pattern is -6.6dB. It is shown that the highest sidelobe level reduce much using the propose method 2 comparing with the conventional beamforming method. There are some differences between the experimental results and the theoretical simulation results because of the systematical error, the measurement error, and the error in the measured receiving array manifold vectors. The proposed method 2 can also provide the largest pressure amplitude in the axial direction of the transducer array when the maximum amplitude of the driving voltage weighting vectors keeps unchanged. Corresponding to Fig. 7 , by use of the proposed method 2 comparing with the conventional beamforming method, the maximum pressure amplitude does not reduce much, with the reduction amounts of 0.29dB. It can be seen that the results measured in the experiment are greatly consistent with the simulation results, which verifies that the proposed measured receiving array manifold vector optimization method is also valid and practical. 
DISCUSSION
From the simulation and experimental results, we can see that both the boundary element model optimization method and the measured receiving array manifold vector optimization method are able to obtain a low-sidelobe transmitting beampattern for complex arrays of underwater acoustic transducers. However, each method has its own characteristics. The boundary element model optimization method is completely based on the theoretical calculation, which uses the boundary element model and the transducer equivalent circuits to calculate the driving voltage weighting vector of the acoustic array, and does not need the cost of experiment. The measured receiving array manifold vector optimization method needs to measure the array manifold vector of the acoustic array by experiment. But the effect of the measured receiving array manifold vector optimization method is better than that of the boundary element model optimization method, since it can achieve a more stable and reliable performance. The reason is that there is some error between the boundary element theoretical model and the practical system in the experiment, and the measured receiving array manifold vectors can embody this error of the practical transducer array.
CONCLUSION
In this paper, the methods are investigated to calculate the driving voltage weighting vector of complex acoustic arrays in underwater unmanned vehicles. Two methods are presented in order to obtain a low-sidelobe transmitting beampattern, which are respectively the boundary element model optimization method and the measured receiving array manifold vector optimization method. Computer simulation has been carried out for complex arrays to calculate the driving voltage weighting vector and transmitting beampatterns. The experiment has also been conducted to measure the radiated pressure amplitude and directivity of complex arrays in the anechoic water tank. The results show that the two methods are both able to obtain a lower sidelobe transmitting beampattern than the conventional beamforming method, and the source level for each transmitting beam is maximized in constraint of the maximum driving voltage of array elements being constant. Moreover, the effect of the measured receiving array manifold vector optimization method is better than that of the boundary element model optimization method, which can obtain a more stable performance and is more suitable for practical system application. The proposed methods are both able to improve the detecting and positioning capability of underwater unmanned vehicles.
